It is said that VOCs (volatile organic compounds) generated in house break human's health due to long term exposure, so called sick house syndrom and that typical VOCs have bad influence are aldehydes (folmaldehyde, acetaldehyde), aromatics (toluene, xylene, ethylbenzene, styrene), and so on. These days, high sensitivity gas sensors for the detection of VOCs are incresingly demanded in order to control an autoventilation system in a highly airtight house. For this purpose, the sensors are needed to detect dilute VOCs in ppb-level. There was almost no report on the detection of dilute aromatic VOCs in ppb level.
It is said that VOCs (volatile organic compounds) generated in house break human's health due to long term exposure, so called sick house syndrom and that typical VOCs have bad influence are aldehydes (folmaldehyde, acetaldehyde), aromatics (toluene, xylene, ethylbenzene, styrene), and so on. These days, high sensitivity gas sensors for the detection of VOCs are incresingly demanded in order to control an autoventilation system in a highly airtight house. For this purpose, the sensors are needed to detect dilute VOCs in ppb-level. There was almost no report on the detection of dilute aromatic VOCs in ppb level.
The high sensitivity aromatic VOC gas sensor was developed with the WO 3 thin film deposited on the Au interdigitated microelectrode.
The Au interdigitated microelectrode was fabricated by means of MEMS techniques (photolithography and RIE) (Fig. 1) . Three different interdigitated electrodes were fabricated with the teeth distance of 2, 3, and 5 µm and fixed number of teeth (50) in order to investigate the effect of teeth distance.
The H 2 WO 4 suspension prepared from (NH 4 ) 10 W 12 O 41 ・5H 2 O was dropped on the Au interdigitated microelectrode, dried, and calcined at 500 ℃ for 3h in air to be the WO 3 microsensor. The sensor resistance was measured in air (Ra) and in aromatic VOC containing air (Rg) at 400-550℃. The sensor response (S) was defined as Ra/Rg. Figure 2 shows the sensor responses to 1.5 ppm xylene of the WO 3 thin film microsensors with interdigitated electrode of various teeth distance (2, 3, and 5 µm) as a function of operating temperature. The sensor response was increased with decreasing teeth distance. This behavior was also observed for toluene detection. In the WO 3 microsensor with teeth distance of 2 µm, the highest sensor response was obtained. It was as high as 100 to 1.5 ppm xylene at 550 ℃. It is noteworthy that the high sensor response is attained only WO 3 sensing layer without any noble metal sensitizer such as Pd. The similar effect to the micro gap effect was observed as the teeth distance effect in the interdigitated microelectrode, suggesting that the sensor response at interface between oxide and electrode was higher than that at grain boundary in the aromatic VOCs sensing using WO 3 sensor. This indicates that the high sensitivity aromatic VOC sensor can be developed with the electrode design of submicron level. Figure 3 depicts the sensor response of the WO 3 microsensor with 2 µm interdigitated electrode to dilute aromatic VOCs at 500 ℃ as a function of gas concentration. The sensor responses to 0.01 ppm aromatic VOCs were sufficiently high (higher than 3), particularly the sensor response was as high as 6 to 0.01 ppm xylene. The WO 3 microsensor with 2 µm interdigitated electrode exhibited the excellent response-recovery characteristics, i.e., the 90% response time of 10 sec and the 90% recovery time of 35 sec to 1.5 ppm xylene at 500 ℃. This suggests that the WO 3 microsensor can be used as the high sensitivity VOC sensor. 
Non-member
Sensing properties to dilute aromatic VOCs (toluene, xylene, ethylbenzene, and styrene) have been investigated for the WO 3 thin film microsensors equipped with Au interdigitated microelectrode. The sensor response (S=Ra/Rg) was increased with decreasing teeth distance of interdigitated electrode in the range of 2-5 µm. The WO 3 microsensor with 2 µm interdigitated electorde showed the highest sensor response to dilute aromatic VOCs at 500 ℃. The WO 3 microsensor with 2 µm interdigitated electrode exhibited the sufficient sensor response (S>3) to 0.01 ppm aromatic VOCs, particularly high sensor response (S=6) to 0.01 ppm xylene, at 500 ℃ with the excellent response-recovery characteristics. This behavior suggests that the WO 3 thin film microsensors equipped with Au interdigitated microelectrode can be used as a high sensitivity aromatic VOC sensor.
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Introduction
VOCs (volatile organic compounds) are generated from paints, wallpapers, construction materials, and furniture in house. It is said that VOCs break human's health due to long term exposure, so called sick house syndrom and that typical VOCs have bad influence are aldehydes (folmaldehyde, acetaldehyde), aromatics (toluene, xylene, ethylbenzene, styrene), and so on. These days, high sensitivity gas sensors for the detection of VOCs are incresingly demanded in order to control an autoventilation system in a highly airtight house. For this purpose, the sensors are needed to detect dilute VOCs in ppb-level. There is almost no report on the detection of dilute aromatic VOCs in ppb level except for the report by Kanda et al (1) .
In this study, we focused the detection of dilute aromatic VOCs by using conductivity-type WO 3 sensors. WO 3 is one of the candidates for the detection of aromatics as Kanda et al reported (1) . Recently, we have found the micro gap effect, in which the gas sensitivity was increased with decreasing gap size less than 1 µm, in NO 2 sensing with WO 3 sensor (2)(3) , Cl 2 sensing with In 2 O 3 sensor (4)(5) , and H 2 S sensing with SnO 2 sensor (6) . From this effect, it is suggested that the electrode design in nano to submicron level is important for high sensitivity semiconductor gas sensor. This concept was applied to aromatic VOC sensors using WO 3 thin film. Namely, the aromatic VOC sensors was developed with the combination of Au interdigitated microelectrode and WO 3 thin film. The high sensitivity was attained without any noble metal sensitizer such as Pd as described below.
Experimental
The Au interdigitated microelectrode as shown in Fig. 1 was fabricated on Si substrate by means of MEMS techniques (photolithography and RIE). Three types of interdigitated electrodes were fabricated with different distances between teeth. Namely, the distances of 2, 3, and 5 µm were fabricated in order to investigate the effect of teeth distance. The number of teeth was fixed with 50. Thus, these electrodes were denoted as 2-50, 3-50, and 5-50, which means distance-number of teeth.
The precipitate of H 2 WO 4 obtained by neutralizing (NH 4 ) 10 W 12 O 41 ・5H 2 O with HNO 3 aq. was dispersed into ethylene glycol and stirred for several weeks to be the homogeneous suspension. The microdrop of H 2 WO 4 suspension was dropped on Au interdigitated microelectrode with microinjector (Eppendorf InjectMan NI2 and FemtoJet). Then, the film was dried and calcined at 500 ℃ for 3 h in air to be the WO 3 thin film microsensor. The surface morphology of WO 3 thin film was measured by means of FE-SEM (Hitachi S-4800).
The sensing properties to dilute aromatic VOCs (toluene, xylene, ethylbenzene, styrene) were measured in the flow apparatus at 400-550 ℃ for the WO 3 thin film microsensors with various Au interdigitated microelectordes. The concentration ranges of VOCs were 0.01-0.15 ppm for xylene, 0.01-1 ppm for other aromatic VOCs. The sensor response (S) was defined as Ra/Rg, where Ra and Rg were the sensor registances in air and in Paper Fig. 1 .
Schematic drawing of Au interdigitated microelectrode.
aromatic VOC containing air, respectively. Figure 2 shows the SEM images of WO 3 thin film microsensors with Au interdigitated microelectrode of teeth distance of 2 µm (2-50). The WO 3 thin film of ca. 500 µm in diameter covered the whole area of interdigitated electrode (Fig. 2-(a) ). Since the thick edge of film was not on the electrode, this part is considered to give no influence to the sensing properties. From the magnified image of the center part of the electrode (Fig. 2-(b) ), the uniform and crack-less film was observed on the electrode. Since the electrode pattern was slightly visible in the image, the film thickness was the almost same as that of Au electrode (0.23 µm). The WO 3 particle has the disk-shape (200-300 nm in diameter, ca.40 nm in thickness) (Fig. 2-(c) ). This was the characteristic shape of WO 3 particle prepared from H 2 WO 4 (7) . Figure 3 shows the sensor responses to 1.5 ppm xylene and 1 ppm toluene of the WO 3 thin film microsensors with interdigitated electrodes of various teeth distance (2-50, 3-50, and 5-50) as a function of operating temperature. The sensor response to xylene was higher than that to toluene in the whole temperature range. The sensor response increased with increasing operating temperature. It is considered that the catalytic activity of WO 3 is higher in the oxidation of xylene than in the oxidation of toluene and that the catalytic activity in the oxidation of aromatic VOCs is increased with increasing operating temperature.
Results and Discussion

Surface Morphology of the WO 3 Film
Effect of Teeth Distance
On the other hand, the sensor response tended to increase with decreasing teeth distance in both xylene and toluene detections. In the WO 3 microsensor with teeth distance of 2 µm (2-50), the highest sensor response was obtained. It was as high as 100 to 1.5 ppm xylene at 550 ℃. The similar effect to the micro gap effect (2) - (6) was observed as the teeth distance effect in the interdigitated microelectrode, suggesting that the sensor response at interface between oxide and electrode was higher than that at grain boundary in the aromatic VOCs sensing using WO 3 sensor. This indicates that the high sensitivity aromatic VOC sensor can be developed with the electrode design of submicron level. In the micro gap electrode with line width of 10 µm, the sensor response was increased with decreasing gap size less than 1 µm (2)- (6) . Namely, for the length of oxide-electrode interface of 20 µm, the micro gap effect appeared in the gap size less than 1 µm. However, in the interdigitated electrode in this study, the teeth distance effect was observed in the range of 2-5 µm. In the interdigitated electrode, the length of interface is 50 mm (=0.5 mm × 50 × 2), 2500 times longer than the study on the micro gap effect. Due to the long interface between oxide and electrode, it is considered that the effect of teeth distance appears even in the distance range of 2-5 µm.
Sensing Properties to Aromatic VOCs
The sensing properties to other aromatic VOCs were examined for the WO 3 thin film microsensor with interdigitated microelectrode of teeth distance of 2 µm (2-50). Figure 4 depicts the sensor responses of the WO 3 microsensor with 2 µm interdigitated electrode (2-50) to dilute aromatic VOCs at 500 ℃ as a function of gas concentration. The linear relations in log-log-plot between sensor response and gas concentration were obtained in the concentration range of 0.01-1.5 ppm for 4 kinds of aromatic VOCs. The sensor responses to 0.01 ppm aromatic VOCs were sufficiently high (higher than 3), particularly the sensor response was as high as 6 to 0.01 ppm xylene. This suggests that the WO 3 microsensor can be used as the high sensitivity VOC sensor. The sensor response to toluene was lower than that to other 3 aromatic VOCs (xylene, ethylbenzene, and styrene). These aromatic hydrocarbons have 8 carbon number (C 8 ), higher than 7 carbon number of toluene (C 7 ), suggesting the different chemical properties of C 8 and C 7 aromatics. Table 1 lists the indoor concentration guideline for aromatic VOCs regulated by the Ministry of Health, Labour and Welfare of Japan. These are ranged between 0.05-0.88 ppm. The WO 3 thin film microsensor (2-50) could detect aromatic VOCs of guideline level with the sufficient sensor response (S=6-90). Figure 5 shows the response transient of WO 3 thin film microsensor with 2 µm interdigitated microelectrode (2-50) to 1.5 ppm xylene at 500 ℃ .
The fast response-recovery characteristics was obtained with the 90% response time of 10 sec and the 90% recovery time of 35 sec.
The excellent response-recovery characteristics may result from the high operating temperature (500 ℃). The similar response-recovery characteristics were observed for other aromatic VOCs (toluene, ethylbenzne, and styrene).
Kanda et al developed the high sensitivity aromatic VOC sensor using WO 3 (1) . In this sensor, the layer of Pd fine particles is underlying beneath the WO 3 thin film. And the Pd fine particle plays a role of catalyst (sensitizer) to activate aromatic VOCs. On the other hand, the high sensitivity aromatic VOC sensor was obtained without any noble metal sensitizer such as Pd in this study, although the WO 3 thin film was used as sensing layer. Instead, the Au interdigitated microelectrode (teeth distance of 2 µm) was adopted here and was responsible for the high sensor response to aromatic VOCs.
Conclusions
The high sensitivity aromatic VOC gas sensor is developed with the WO 3 thin film deposited on the Au interdigitated microelectrode. The sensor responses to aromatic VOCs is increased with decreasing teeth distance of interdigitated electrode in the range of 2-5 µm, suggesting that the sensor response at oxide-electrode interface is higher than that at grain boundary in aromatic VOC sensing and that the effect of teeth distance appears even in the range of 2-5 µm due to the long length of oxide-electrode interface. The WO 3 sensor with 2 µm Au interdigitated electrode shows the sufficiently high sensor response (S>3) to 0.01 ppm aromatic VOCs (toluene, xylene, ethylbenzene, and styrene), particularly the sensor response to 0.01 ppm xylene is as high as 6 at 500 ℃. The excellent response-recovery characteristics is obtained with the 90% response and recovery time of 10 and 35 sec, respectively, for 1.5 ppm xylene sensing at 500 ℃. It is considered that the WO 3 thin film microsensor can be used as a high sensitivity aromatic VOC gas sensor. Acknowledgment This work was partly supported by NEDO project "Development of high sensitivity gas detectors for a measure of volatile organic compounds" from The Ministry of Econony, Trade and Industry of Japan. 
